Abstract Increasing atmospheric CO 2 affects photosynthesis involving directly increasing leaf carboxylation rates, stomatal closure, and climatic effects. The direct effects are generally thought to be positive leading to increased photosynthesis, while its climatic effects can be regionally positive or negative. These effects are usually considered to be independent from each other, but they are in fact coupled through interactions between land surface exchanges of gases and heat and the physical climate system. In particular, stomatal closure reduces evapotranspiration and increases sensible heat emissions from ecosystems, leading to decreased atmospheric moisture and precipitation and local warming. We use a coupled earth system model to attribute the influence of the increase in CO 2 on gross primary productivity (GPP) during the period of 1930-2011. In our model, CO 2 radiative effects cause climate change that has only a negligible effect on global GPP (a reduction of 0.9 ± 2% during the last 80 years) because of opposite responses between tropical and northern biomes. On the other hand, CO 2 physiological effects on GPP are both positive, by increased carboxylation rates and water use efficiency (7.1 ± 0.48% increase), and negative, by vegetation-climate feedback reducing precipitation, as a consequence of decreased transpiration and increased sensible heat in areas without water limitation (2.7 ± 1.76% reduction).When considering the coupled atmosphere-vegetation system, negative climate feedback on photosynthesis and plant growth due to the current level of CO 2 opposes 29-38% of the gains from direct fertilization effects.
Introduction
Gross primary productivity (GPP) plays a crucial role in driving the land carbon cycle. Process-based and datadriven models have been used to evaluate how global GPP responds to climate change and rising CO 2 concentrations [Beer et al., 2010; Jung et al., 2011; Piao et al., 2013] . Models and field experiments agree on the fact that elevated CO 2 increases carboxylation rates and GPP (hereafter fertilization effect) in absence of nutrient limitations and decreases leaf-scale stomatal conductance [Medlyn et al., 2015] . The radiative forcing of elevated CO 2 (eCO 2 ) also causes climate change, which can increase or reduce GPP depending on regional temperature and water limitations, with water limitations being today prominent over most of ecosystems [Beer et al., 2010] . Therefore, there are large uncertainties about the magnitude and regional patterns of the net GPP response to the joint perturbation of eCO 2 concentration and climate change [Beer et al., 2010] . Most studies of GPP trends with process-based land carbon models have been conducted by using so-called off-line simulations where atmospheric forcing conditions are imposed to an ecosystem model, but there is no feedback from the land surface to the atmosphere [Piao et al., 2013; Beer et al., 2010] . Coupled climate-carbon cycle models include both impacts of CO 2 through climate change and vegetation fertilization, but previous simulations did not fully separate the two mechanisms [Friedlingstein et al., 2006; Arora et al., 2013; Matthews et al., 2007] . In a coupled climate-carbon models, climate change affects GPP differently across regions and time of the year, depending upon local temperature or water limitations [Matthews et al., 2007; Cox et al., 2000] . In addition, vegetation-climate feedback occur when plants close their stomates and decreased transpiration under elevated CO 2 . This antitranspirant effect of eCO 2 leads to more soil moisture being available for plants in the dry season and changes the partition of net radiation between ZHU ET AL.
CO 2 REDUCES GPP THROUGH CLIMATE CHANGE 1 latent heat (evapotranspiration) and sensible heat. Increases in vegetation cover and leaf area index due to CO 2 fertilization can, however, offset the effect of leaf-level stomatal closure by increasing the surface of leaves available for transpiration [Ukkola et al., 2015; Donohue et al., 2013] .
PUBLICATIONS
Previous research on carbon-climate feedback under eCO 2 mainly focused on the eCO 2 -fertilization (a negative feedback on climate change through increased carbon sinks caused by higher GPP) and on eCO 2 -induced climate change. Vegetation-climate feedback under eCO 2 have been shown to decrease atmospheric humidity [Cao et al., 2010] and precipitation [Andrews et al., 2011; Boucher et al., 2009] , which warms land surface temperature and in turn impacts GPP. But the effect of climate change from eCO 2 through vegetation-climate feedback on GPP has not been separated from the CO 2 -fertilization effect in previous studies. Here we use the terms eCO 2 -VCF to denote climate change caused by vegetation-climate feedback under eCO 2 and eCO 2 -FERT for the CO2 fertilization effects on GPP. The diagram in Figure 1 presents the three mechanisms by which eCO 2 influences GPP and ecosystem carbon cycling. This study aims to isolate these mechanisms for their impact on terrestrial GPP in a series of factorial experiments with the Community Earth System Model-Biogeochemistry (CESM-BGC) Earth System model integrated from 1850 to 2011.
Methods
The CESM1.2.2-BGC Earth System model is used in this study, its land model being CLM4.5CN. To distinguish the effects of eCO 2 -FERT and eCO 2 -VCF in determining changes on terrestrial GPP, we performed 162 year (1850-2011) simulations at 2.5°× 1.9°spatial resolution with six scenarios as follows: (1) A control simulation (CTR), in which the coupled atmosphere land carbon system is forced by the preindustrial CO 2 concentration of 285 ppm; (2) a CO 2 radiative climate change simulation (eCO 2 -RAD), in which GPP is only influenced by CO 2 radiative effects; to this end, the atmosphere was forced by transient (1850-2011) CO 2 concentration, while GPP was calculated by using the preindustrial CO 2 concentration; (3) an eCO 2 -FERT + VCF simulation, in which GPP responds to both CO 2 fertilization and climate change from vegetation-climate feedback; to do so, the land model of CESM1.2.2-BGC was forced by a transient CO 2 concentration, while the atmospheric model was forced by the preindustrial CO 2 concentration; (4) an off-line control simulation (OCTR) in which the CTR climate variables were used to drive the CLM4.5CN land model in an off-line mode, with the preindustrial CO 2 concentration of 285 ppm; (5) an off-line CO 2 fertilization simulation (eCO 2 -FERT) with transient CO 2 and CTR climate variables; and (6) a coupled simulation (ALL) with both land and atmosphere driven by transient CO 2 (Table S1 in the supporting information). All experiments were configured with the same initial Figure 1 . Schematic diagram of CO 2 's three pathway influence on terrestrial GPP. The rising atmospheric CO 2 concentration will facilitate plant uptake of CO 2 through photosynthesis (fertilization effect). CO 2 also influences plant photosynthesis indirectly through its climate forcing effect. Its impact on climate through trapping longwave radiation (radiative climate change) can increase Earth's mean surface temperature and thus influence plant photosynthesis. The response of plants to rising CO 2 can cause an increase in foliage cover and decreases leaf transpiration by reducing stomatal conductance per unit leaf area, which also impact climate system (vegetation-climate feedback) and thus influence plant photosynthesis indirectly.
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conditions, namely, a 500 years to approach equilibrium. Solar forcing, ozone concentrations, non-CO 2 greenhouse gases, and historical land use forcing is transient in all our simulations and were kept the same among the six experiments. Analysis was conducted for the years after 1930 in each simulation, thus disregarding the first 80 years after spin-up.
Annual mean GPP difference (ΔGPP) between eCO 2 -RAD and CTR attributes the effect of CO 2 -induced radiative climate change. The ΔGPP between eCO 2 -FERT and OCTR attributes the effect of fertilization alone, in absence of eCO 2 -VCF. The ΔGPP between eCO 2 VCF + FERT and eCO 2 -FERT-OCTR attributes the effect of e-CO 2 -VCF alone. The precipitation ΔPrec and surface air temperature ΔTsa differences during the growing season were used to assess the impact of climate change on ΔGPP. The growing season is here defined for simplicity as the months with GPP larger than 5% of the annual maximum GPP [Melaas et al., 2013] . The ΔPrec rad and ΔTsa rad were derived through the corresponding variable differences between RAD and CTR.
In eCO 2 -VCF + FERT, GPP responds to both fertilization and eCO 2 -VCF, while climate is only influenced by eCO 2 -VCF, so ΔPrec VCF and ΔTsa VCF can be derived based on corresponding variable differences between VCF + FERT and CTR (Table S2 ).
The equations governing leaf carbon and water flux in the land model (CLM4.5CN) use the Ball-Berry stomatal conductance model [Ball et al., 1987; Collatz et al., 1991] and the Farquhar photosynthesis model [Farquhar et al., 1980] . The Ball-Berry model scales stomatal conductance (g s ) with relative humidity (RH) and the ratio of assimilation (A n ) to atmospheric CO 2 concentration (C s ), such that g s = g 0 + g 1 RHA n /C s . The latitudinal pattern of annual mean evapotranspiration (ET) and GPP in the period of 1982-2011 in experiment "ALL" was compared to the data-driven product from Jung et al., 2011 and shows quite similar patterns ( Figure S1 in the supporting information). A key metrics linking the water with carbon flux, is the intrinsic water use efficiency (iWUE) defined as A n /g s , was diagnosed in the simulation ALL. The response of iWUE to rising CO 2 is positive and similar in magnitude to the one deduced from tree ring isotopes: for boreal forest the largest increase in iWUE (31%) and an increase in temperate and tropical forest iWUE of 26% and 19% per 100 ppm CO 2 , respectively ( Figure S2 ), comparable with tree ring isotope-based estimates [Frank et al., 2015; van der Sleen et al., 2015] .
To test the robustness of our results with respect to the choice of a specific earth system model, we also used the output of the Institut Pierre-Simon Laplace Coupled Model 5A Low Resolution (IPSL-CM5A-LR) earth system model from the Coupled Model Intercomparison Project Phase 5 (CMIP5) over 1850-2005 which performed the set of simulations needed to separate eCO 2 -RAD and eCO 2 -FERT + VCF on GPP. The eCO 2 -FERT contribution in IPSL-CM5A-LR was approximated by the results of Piao et al. [2013] using an off-line run of the same land carbon model. Model outputs from IPSL-CM5A-LR in CMIP5 are from the "historical," "esmFixClim2," and "esmFdbk2" experiments over 1850-2005 (Table S2 ) [see Taylor et al., 2012] . The experiment historical is forced with all conditions changed (consistent with observations). Experiment esmFixClim2 is forced with changing conditions, except that the radiation code uses preindustrial CO 2 concentration. The experiment esmFdbk2 was forced with changing conditions except for the land component being prescribed with preindustrial CO 2 . In summary, the difference between historical and esmFixClim2 attributes eCO 2 -RAD effects, and the difference between historical and esmFdbk2 attributes eCO 2 -FERT + VCF effects.
Results
The first 80 years of simulation results were disregarded as spin-up, and model outputs were analyzed from 1930 to 2011. First, spatially coherent positive trends of GPP are found from the fertilization effect (ΔGPP FERT ), with tropical regions showing the largest positive response; these regions have little climate limitation of GPP and are weakly limited by nitrogen in our model (Figure 2a) . Second, CO 2 radiative climate change causes regionally different GPP trends (ΔGPP RAD ), namely, a positive effect in the northern latitudes and a negative one in tropical and subtropical regions (Figure 2b ). In the southern hemisphere and the tropics (60°S to 30°N), ΔGPP RAD shows nonsignificant negative trends, but temperate (30°N-60°N) and boreal areas (60°N-90°N) show significantly positive ΔGPP RAD (p < 0.01). Third, changes of GPP due to vegetation-climate feedback (ΔGPP VCF ) are mainly negative, except in the northern high latitudes; the latitudinal band between 60°S and 30°S shows the largest negative ΔGPP VCF changes (Figure 2c ). , vertical axis) from 60°S to 90°N at a 30°interval. The double asterisk means significance of the trends at the 99% level; the single asterisk means significance of the trends at the 95% level; no sign means not significant.
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Summing ΔGPP FERT , ΔGPP RAD , and ΔGPP VCF gives a global net increase of global GPP, consistent with evidence from the Dole effect from oxygen isotopes of O 2 trapped in ice for preindustrial GPP [Ciais et al., 2011] and current data-driven estimates [Beer et al., 2010; Zhao et al., 2005] and from indirect deuterium isotopomer measurements on plant material [Ehlers et al., 2015] . Both the radiative and eCO 2 -VCF have a net negative impact on global GPP, which jointly offsets approximate half of the fertilization-induced increase of GPP (Figure 3a ). Climate change from eCO 2 -VCF causes a larger global reduction of GPP (À2.7 ± 1.8% over 1930-2011) than radiative climate change (À0.9 ± 1.8% GPP change over . Given that the global ΔGPP FERT is 8.9 ± 0.6 Gg C (equivalent to 9.4 ± 0.64% per 100 ppm) over the period of 1930-2011, vegetationclimate feedback offsets 38% of the eCO 2 -FERT increase of GPP.
The effects of eCO 2 -RAD and eCO 2 -VCF on growing-season climate can be compared to each other. Growing-season surface air temperature differences due to radiative climate change (ΔTsa RAD , detailed information is shown in Table S2 ) show a total increase of 0.49 ± 0.15 K (p < 0.001) over 1930-2011, close to the observed global warming magnitude [Hansen et al., 2010] . Slightly more land areas show positive precipitation change due to radiative climate change (ΔPrec RAD ) (Figure 4d ), resulting in nonsignificant positive global mean ΔPrec RAD . Global mean growing-season surface air temperature change due to eCO 2 -VCF (ΔTsa VCF ) is a small warming of 0.081 ± 0.081 K (p = 0.08). The spatial pattern of ΔTsa VCF showed growing-season warming over most of America and northern Eurasia, and less areas experienced cooling than warming (Figure 4a ). This result is consistent with the results from Shevliakova et al. [2013] . Further analysis shows that stomatal regulated transpiration reduction is a larger relative signal of 7.7 ± 1.5% ( Figure S3 ). Global mean precipitation changes in growing season due to eCO 2 -VCF, ΔPrec VCF , is a net decrease of 21 ± 21 mm during 1930-2011 (p = 0.07) (Figure 3b ). The spatial distribution of the global trend ΔPrec VCF suggests that more areas are subject to decreasing precipitation (Figure 4c ), especially the significant negative trend of ΔPrec VCF in eastern North America, the Amazon basin, western Siberia, and northeast China, areas of high precipitation recycling through ET. When the global land areas are divided into humid and arid areas according to the soil water content threshold, arid areas where eCO 2 -VCF result in an increase of precipitation experience more cooling compared to humid areas (Figures 4  and S5) .
Because of the key role of transpiration in controlling the water vapor in the atmosphere over continents [Trenberth et al., 2009] and its recycling to land precipitation [ Van der Ent et al., 2010] . Time series of global annual mean ΔET and ΔPrec changes by eCO 2 -RAD ( Figure S4a ) and eCO 2 -VCF ( Figure S4b ) were analyzed to explain the precipitation reduction. We found that there is a slight, nonsignificant increase in ET in 
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response to eCO 2 -RAD and a significantly larger decrease in ET from eCO 2 -VCF. Overall, in our coupled model, transpiration reduction due to eCO 2 -VCF (13 ± 1.4% over from stomatal closure at leaf scale is much higher than the increase of transpiration due to higher foliage cover (5.4 ± 0.9% over 1930-2011) ( Figure S3 ). The spatial distribution of ΔET in CO 2 -FERT experiment confirms the negative feedback of leaf area increase on the reduction in ET in arid area [Andrews et al., 2011] (Figure S5 ) and thus on the cooling from eCO 2 -VCF in water-limited area and warming in most other area (Figure 4a ). Positive correlations are found between ΔET and ΔPrec over land (R = 0.53 under radiative climate change, R = 0.61 under eCO 2 -VCF). This suggests that the decreasing ΔPrec VCF is primarily caused by reduced ET.
Global land areas were divided into six biomes according to the dominant plant types used in the model to show the response of different biomes to rising atmospheric CO 2 . All biomes except tundra show significant negative GPP change under vegetation-climate feedback ( Figure S6 ) because in our model, most terrestrial ecosystems have water-limited GPP and vegetation-climate feedback causes a drying trend. The largest negative change in ΔGPP VCF occurs in C3 grasslands. Significant positive ΔGPP rad trends are found in tundra and boreal biomes, while ΔGPP RAD across all other biomes shows a nonsignificant negative trend. This is very likely caused by continuous increase of extreme hot days in land [Seneviratne et al., 2014] and drought- Figures 4a-4d show the fraction of the land grids with positive and negative ΔPrec, ΔTsa trends in global, humid, and arid environments. Global areas are divided into humid and arid types according to the annual mean soil water content, where the soil water content above the 30% percentile is rated as humid areas, otherwise arid areas.
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induced stomatal closure due to enhanced vapor pressure deficit (VPD) and potential evapotranspiration [Novick et al., 2016] , which is confirmed by the model result that 70% areas show increasing VPD in radiative climate change experiment ( Figure S7 ). The ΔGPP FERT is positive across all biomes, with the largest increases in temperate forests. Tropical forests and C3 grass is generally higher than the rate in boreal tree, tundra, and C4 grass. This is consistent with CO 2 fertilization being more effective in warm and arid area [Norby et al., 2005; Smith et al., 2000] , while less in cold environment [Hickler et al., 2008] and insensitive for C4 vegetation [Ehleringer et al., 1997] .
The output from IPSL-CM5A-LR is also analyzed here. It is noted that climate change from eCO 2 -VCF and eCO 2 -FERT effects jointly contribute to increase ΔGPP (total increase of 23.4 Pg C over , while the trend of ΔGPP due to eCO 2 -RAD is nonsignificantly decreasing (À0.94 Pg C yr À1 over 1850-2005; Figure S9 ). Previous off-line simulations, the land surface model in IPSL-CM5A-LR, shows that the response of global GPP to rising atmospheric CO 2 alone (eCO 2 -FERT) is 35 Pg C yr À1 per 100 ppm CO 2 (33 Pg C yr À1 over [Piao et al., 2013] . Consequently, there is a 9.7 Pg C yr À1 difference between the two results, which implies that approximately 29% of the eCO2-FERT increase of GPP was offset by the negative effect of eCO 2 -VCF in this coupled model. This result from the IPSL-CM5A-LR is comparable to the 38% reduction from eCO 2 -VCF in CESM1.2.2, but the carbon model version of IPSL-CM5A-LR was not exactly the same than the one used to attribute eCO 2 -FERT in the off-line experiment, which leads to more uncertainty in this result than for the set of CESM1.2.2-BGC experiments. The trend of climatic variables in IPSL-CM5-LR shows a similar pattern in CESM1.2.2-BGC, i.e., that eCO 2 -VCF resulted in more areas experiencing precipitation decrease and warming, leading to a significant global decline in ΔPrec and increase in ΔTsa, while radiative climate change causes both global mean ΔTsa and ΔPrec to increase (Figures S10-S12 and Table S3 ). At the global scale, the correlation between ΔGPP and ΔPrec in IPSL-CM5A-LR were weaker than in CESM-BGC ( Figure S14 ), whereas positive correlation between ΔGPP and ΔPrec and the negative correlation between ΔGPP and ΔTsa were consistent between the two models ( Figures S8 and S14 ). These results from the IPSL-CM5A-LR thus confirm the negative impact of CO 2 climate forcing on terrestrial GPP, especially the significantly negative impact of vegetation-climate feedback on GPP.
Summary
Our results demonstrate that vegetation-climate feedback caused by rising CO 2 have significant contributions to GPP trends. Although CO 2 fertilization [Norby et al., 2005] and warming effects [Matthews et al., 2005; Xia et al., 2014] in driving global vegetation productivity have been previously addressed, our research further shows that warming due to CO 2 radiative climate change has no significant impact on the global GPP because of the spatially divergent responses of GPP to warming. In contrast, vegetation-climate feedback causes a significant reduction in global GPP mainly by reducing growing-season precipitation in 60°S-60°N latitude bands. On the other hand, a recent study suggested that semiarid ecosystems are important in regulating the interannual variation of GPP and net ecosystem exchanges due to an enhanced response to precipitation [Poulter et al., 2014] . Here our results imply that vegetation-climate feedback tends to bring more precipitation in dry areas through the positive precipitation-ET feedback by fertilization-caused increase in foliage cover [Andrews et al., 2011] while decrease precipitation in other areas. Given the important role of CO 2 in regulating terrestrial carbon cycling and the climate prediction uncertainties in response to increasing CO 2 [Good et al., 2015] , more efforts are needed to reduce the uncertainty in climate-carbon feedback.
